The administration of epinephrine to humans increases natural killer (NK) cell activity and numbers. If endogenous catecholamines regulate NK cells, then their activity should be increased by cocaine, an agent that potentiates endogenous catecholamines. We investigated the in vivo effect of cocaine on NK cell activity and on the distribution of lymphocyte subsets, including NK cells. Intravenous cocaine (0.6 mg/kg) produced a threeto fourfold increase in NK cell activity in peripheral blood. The increase was accompanied by a marked and selective increase in circulating NK cells, as identified by the Fc receptor (Leu-11). Normal saline and benzoylecgonine, a major metabolite of cocaine, had little effect on NK cell activity or on levels of Leu-11+ cells. Other lymphocyte subpopulations were not increased by cocaine. The time course of the alterations in NK cell numbers and activity paralleled plasma levels of cocaine. In vitro cocaine did not increase NK cell activity.
Introduction
Natural killer (NK)' cells are large granular lymphocytes that spontaneously lyse certain tumor cells as well as some normal cells. NK cells may function in host defense against certain malignancies and viral infections (1) (2) (3) (4) (5) (6) (7) (8) (9) , but accumulating evidence suggests that their primary role is to regulate antibody production (10) (11) (12) (13) (14) (15) (16) (17) (18) . NK cell activity can be increased in vitro by interferon or by interleukin 2 (19) (20) (21) . In humans NK cell activity is increased by exercise (22, 23) or by the administration ofadrenergic agents (24) (25) (26) , although adrenergic agents in vitro reduce NK cell activity by increasing intracellular cyclic AMP (27) . Thus, NK cell activity in humans may be partially regulated by the adrenergic nervous system. 1 . Abbreviations used in this paper: ANOVA, analysis of variance; BE, benzoylecgonine; NK, natural killer; PBMC, peripheral blood mononuclear cells.
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Cocaine is a central nervous system stimulant that has become a major drug of abuse. It is still used in clinical medicine as a local anesthetic and vasoconstrictor. Cocaine's sympathomimetic activity involves at least two mechanisms: (a) the release of endogenous catecholamines from the adrenal medulla, a response mediated by the central nervous system, and (b) inhibition of norepinephrine reuptake by the sympathetic nervous system (28, 29) . Because cocaine increases the activity of endogenous catecholamines, we examined its effect on NK cell activity in humans. We also examined the effects of normal saline and benzoylecgonine (BE), a major metabolite of cocaine that has no reported biological activity.
Methods
Eight healthy subjects (six males, two females), age 21-33 yr, participated after their informed consent under a protocol approved by the University of California, San Francisco Committee on Human Research. All had used cocaine occasionally but were not habitual users. They were unaware ofthe choice oftreatment but knew that they would receive either cocaine hydrochloride (0.6 mg/kg as a 10-mg/ml solution), BE tetrahydrate (0.4 mg/kg as a 10-mg/ml solution, an amount calculated to provide peak plasma levels similar to those derived from 0.6 mg/kg of cocaine), or normal saline (3 ml). Most subjects received, on separate days, both cocaine and BE. The total dose of cocaine ranged from 32 to 59 mg and the dose of BE ranged from 23 to 30 mg. In the initial experiments (four cocaine, three BE), NK cell activity was measured before and 20 min after a 1-min intravenous drug infusion. In eight subsequent experiments (three each with cocaine and BE, two with saline) blood was obtained before drug administration and 5, 20, 60, 120, 180, 240, and 300 min thereafter to measure: (a) NK cell activity, (b) peripheral blood mononuclear cell subsets as determined by fluorescence analysis, and (c) plasma levels of cocaine.
Cocaine hydrochloride (Mallinckrodt, Inc., St. Louis, MO) and BE tetrahydrate dissolved in preservative-free normal saline were injected by infusion pump into a flowing intravenous catheter in a large forearm vein. Blood samples for immune measures and drug levels were obtained from an intravenous catheter in the opposite arm. Blood samples for assay of cocaine plasma levels were drawn into heparinized tubes containing 0.2 ml of saturated NaF and placed on ice to prevent both spontaneous and enzymatic hydrolysis of cocaine by plasma esterases. The plasma was immediately separated and frozen at -10°C until analysis by gas-chromatographic methods (30) . BE was prepared by hydrolysis of cocaine base in boiling distilled water for 12 h followed by recrystallization twice from water. Purity was checked by melting point determinations and thin-layer chromatography. By these indices our material was identical with authentic samples from the National Institute on Drug Abuse.
Peripheral blood mononuclear cells (PBMC) were obtained by density centrifugation and were tested against K562 target cells in a 4-h 5'Crrelease assay (31) . Triplicate samples were tested at PBMC/target cell ratios of 40:1, 20:1, 10:1, and 5:1. For studies of NK cell activity over time, cytotoxicity was quantified by determining the number of lytic units in a fixed number of effector cells (32) . One lytic unit was defined as the number of PBMC required to lyse 2.5 X 103 K562 target cells (25% lysis), a point always on the linear portion ofthe cytotoxicity curve. To compare changes in NK cell activity to changes in the number of Leu-l 1 + cells/mm3 of blood, we determined the number of lytic units within the lymphocytes in I cubic millimeter of blood. 
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Results 20 min after administration, cocaine caused an almost fourfold increase in NK cell activity (analysis of variance [ANOVA], P < 0.005) ( Fig. 1) , i.e., the number of PBMC that were required to kill a fixed number oftarget cells fell to one-fourth ofpredrug values (32, 33) . BE had no effect 20 min after administration (Fig. 1 ). After cocaine, NK cell activity increased rapidly within predrug levels by 80 min (Fig. 2) . Changes in NK cell activity were temporally related to changes in plasma levels of cocaine (Fig. 2) . After BE, NK cell activity was slightly elevated at 5 min but not thereafter (Fig. 2) . Saline injections caused no increase in NK cell activity (not shown).
To determine if the rise in NK cell activity was due to an increase in circulating NK cells or to an increase in their lytic activity, NK cells were quantified by staining PBMC with antibody to Leu-11. Leu-l 1 is an immunoglobulin receptor (F, receptor, cluster designation 16) found on all NK cells but on few, ifany, T cells, B cells, or monocytes. After cocaine injection, levels of circulating Leu-l 1 + cells increased >270% within 5 min and gradually returned to baseline levels after 1 h (ANOVA, P 0.01) (Fig. 2 ). BE produced a much smaller and more tran- sient increase in Leu-1+ cells (Fig. 2) . After saline injection there was no increase in Leu-11+ cells (not shown). The increase in NK cell levels was selective, since other lymphocyte subsets and monocytes were not significantly altered by cocaine when compared with BE and saline, as assessed by staining for Leu-3 ("helper" T cells), Leu-2 ("suppressor/cytotoxic" T cells), B-1 (B cells), and OKM-5 (monocytes) (not shown).
Discussion
These findings show that cocaine rapidly increases NK cell activity in humans. Quantification of lymphocyte subsets indicates that much of the rise in NK cell activity after cocaine may be due to an increase in the number of circulating NK cells as identified by Leu-1 1. In addition to changes in numbers of Leu-11 + cells, there may be increased lytic activity per cell because the rise in killing (average, 380%) was greater than the rise in Leu-l 1 + cells (270%). Also, killing remained elevated between 5 and 20 min, while the number of Leu-11 + cells fell. However, since not all Leu-1I + cells mediate natural killing, only a subset ofcytotoxic Leu-1 + cells may have increased to the same extent as NK cell activity, without an increase in cytotoxicity by individual cells. Our findings do not establish whether the increase in Leu-1 + cells in blood results from activation of Leu-l 1cells or from recruitment of Leu-11 + cells from other sites.
The substantial in vivo effects of cocaine contrast sharply with the lack of effect of cocaine on NK cell activity in vitro. We found only one other report examining the effects ofcocaine on NK cell activity (34) . In vitro cocaine had no effect on NK cell activity at concentrations below 0.5 mg/ml. Between 0.5 and 100 mg/ml there was a dose-dependent decrease in NK cell activity. These cocaine concentrations are at least 1,000 times greater than those observed in our study. We also conducted in vitro experiments and determined that cocaine had no effects on NK cell activity in concentrations similar to those observed in humans (not shown). Other local anesthetics, lidocaine and procaine, decrease NK cell activity in vitro when concentrations are >l0-3 M (35) .
The increased NK cell activity after cocaine in vivo is not likely due to the metabolism of cocaine, because BE, a major cocaine metabolite, had relatively little effect on NK cell numbers or activity. BE produced none of the typical mood, symptom, and cardiovascular system changes that followed cocaine, which is consistent with BE lacking sympathomimetic activity. The absence ofNK cell stimulation after BE or saline administration indicates that increased NK cell activity after cocaine is not simply a response to the mildly stressful experimental procedure.
The in vivo effect ofcocaine on NK cell activity may be due to its ability to stimulate the release of catecholamines into the bloodstream and to diminish the reuptake ofnorepinephrine by the sympathetic nervous system. Consistent with this hypothesis is the observation that the administration of subcutaneous epinephrine or the infusion of norepinephrine to humans increases NK cell activity (24) (25) (26) . Also, after subcutaneous epinephrine in humans, there is an increase in lymphocytes bearing HNK-1, an antigen expressed by the majority of NK cells (24) .
If cocaine increases NK cells and lytic activity through its sympathomimetic actions, then an increase in endogenous catecholamines may have effects on the immune system. In support of this, exercise increases plasma catecholamine levels and also increases NK cell activity (22, 23, (36) (37) (38) . After exercise the increase in activity appears to result both from an increase in circulating NK cells and from an increase in their lytic activity (22, 23) .
Stimulation of NK cell activity may not have desirable biological consequences. While NK cells and/or related Leu-l 1+ cells may play a role in host defense, they also appear to impair the differentiation, proliferation, and activity of B cells, especially their ability to produce antibodies (10) (11) (12) (13) (14) (15) (16) (17) (18) . Thus, the ability of cocaine to stimulate NK cell activity may have adverse effects on immunity. Moreover, the pathological and disruptive consequences of cocaine abuse are well known. Therefore, we advise against the clinical use of cocaine to increase NK cell activity.
Our protocol did not include sustained administration of cocaine to humans. We therefore do not know ifrepeated doses ofcocaine might lead to tolerance with regard to effects on NK cell activity. Cocaine-induced changes in natural killing support a role for the sympathetic nervous system in the regulation of these cytotoxic cells. This allows insight into one mechanism by which the nervous system may alter lymphocyte activity.
